The Drosophila Seven in absentia (Sina) gene product originally was described as a protein that controls cell fate decisions during eye development. Its mammalian homolog, Siah-1, recently was found to be involved in p53-dependent and -independent pathways of apoptosis and G 1 arrest. We report that Siah-1 interacts directly with and promotes the degradation of the cell fate regulator Numb. Siah-1-mediated Numb degradation leads to redistribution of endogenous cell-surface Notch to the cytoplasm and nucleus and to augmented Notch-regulated transcriptional activity. These data imply that through its ability to target Numb for degradation, Siah-1 can act as a key regulator of Numb-related activities, including Notch signaling.
T
he Drosophila Seven in absentia (Sina) protein targets the transcriptional repressor Tramtrack for polyubiquitination and proteasome-mediated degradation (1) (2) (3) . The degradation of Tramtrack, a potent repressor of neuronal cell fate, is necessary for R7 differentiation in the developing eye. These studies highlight the importance of Sina as a critical mediator of cell fate determination.
Sina and its highly related mammalian homolog Siah-1 (4, 5) bind ubiquitin conjugating enzymes (E2s) (6) and target other proteins for degradation. This function of Sina͞Siah-1 has been mapped to the amino-terminal Ring-finger domain, which also is required for its own proteolysis (7) . In overexpression studies, Siah-1 has been described to target DCC (8) and c-Myb proteins (9) for ubiquitin-mediated degradation.
We previously have described that Siah-1 is a p53-inducible mediator of apoptosis and tumor suppression (5, 10, 11) . Under physiological conditions, high levels of Siah-1 expression are present in the villi of the small intestine, where intestinal cells undergo apoptosis after migrating from the lower part of the crypt up the villus, toward the lumen (10) . Additional studies demonstrated an enhancement of programmed cell death in U937 stables overexpressing Siah-1 (11) . Furthermore, another p53-inducible gene product, Pw1͞Peg3, can induce apoptosis through a direct association with Siah-1 (12) , whereas Bag-1, a ubiquitin-like Hsp70͞Hsc70-regulatory protein, reported to bind and negatively regulate Siah-1, exerts antiapoptotic effects (13) .
Recently, Siah-1 also was shown to promote ␤-catenin degradation (14, 15) . Because the overexpression of ␤-catenin has been reported to be associated with enhanced cell proliferation and inhibition of apoptosis, Siah-1-mediated ␤-catenin degradation may contribute, in part, to cell cycle arrest induced by p53.
Numb is another gene involved in Drosophila development that is a key determinant of cell fate (16) . It encodes for a membrane-associated protein that localizes asymmetrically to one-half of the predivisional sensory organ progenitor (SOP) (17) . This asymmetric distribution of Numb is crucial for the fate of SOP. Loss of Numb function causes improper development of SOP progenitors. One of the targets of Drosophila Numb is Notch, a single-pass transmembrane protein that is also important for cell fate determination (18, 19) . A physical interaction between both Drosophila and mammalian Numb and Notch has been reported (20, 21) . Numb interferes with the ability of Notch to activate downstream transcription factors of the CSL (CBF 1 , suppressor of hairless, LAG-1) family (22, 23) . Both the COOHterminal half of the phosphotyrosine-binding domain (PTB) and the NH 2 terminus of Numb are required to inhibit Notch (22) . Murine Numb also associates (24) with the p53-regulated oncoprotein Mdm2 (25) . Mdm2 possesses E3 ubiquitin ligase activity (26) , and its interaction with Numb leads to Numb degradation by means of the ubiquitin-proteasome pathway and also induces its translocation to the nucleus.
In the present work, we show that Siah-1 binds and promotes the degradation of Numb. Furthermore, excess Siah-1 leads to translocation and activation of Notch. We suggest that, through its ability to down-modulate Numb, Siah-1 may serve as a physiologically positive regulator of Notch activity.
Methods
Plasmids. The pcDNA3-Flag-AIP1 and pGEX-6P-1-NKTR constructs were used as negative controls in our studies (27, 28) . The full-length and fragments of Siah-1 and Numb were cloned into either pcDNA3.1-Flag (Invitrogen) or pGEX-6P-1 (Amersham Pharmacia). pBK-RSV-HA-Siah-1 and pBK-RSV-Flag-Numb have been described (10, 24) . The pMT123-8xHA-ubiquitin construct was a generous gift from M. Treier (European Molecular Biology Laboratory, Heidelberg) (29) . The reporter vector pGa981-6 harboring RBP-J (recombination signal binding protein of Ig-segment)-binding sites was kindly provided by T. Honjo (Kyoto University, Kyoto) (30) .
Antibodies. Polyclonal anti-Siah-1, which was raised against the first 16 aa of human Siah-1 (10), and anti-Numb antibody already have been described (24) . The following antibodies were purchased: anti-Flag (Sigma), anti-hemagglutinin (HA) (Babco, Richmond, CA), antibodies against the NH 2 -and COOHterminal ends of Notch1 (Santa Cruz Biotechnology), antipoly(ADP-ribose) polymerase (PARP) (Enzyme Systems Products, Livermore, CA), and anti-␤ tubulin (Amersham Pharmacia).
Yeast Two-Hybrid Interaction Mating Assay. The LexA yeast twohybrid system was used as described (31) . The haploid RFY206 (MATa) yeast strain harboring the lacZ reporter pSH18-34 and bait plasmid was mated with the prey-containing RFY231 (MAT␣) yeast strain. Diploids were assayed on the appropriate selection plates.
Immunoprecipitations (IPs).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. transcription͞translation (IVT) system (Promega) and added to a mix containing the glutathione S-transferase (GST)-fusion protein. After incubation, the bead-conjugated complexes were washed extensively, resolved by SDS͞PAGE, and visualized by autoradiography.
For in vivo co-IP studies, Ϸ2.5 ϫ 10 6 293T cells were transiently transfected by using the CaPO 4 method with 20 g of each of the indicated constructs. Proteins were cross-linked by resuspending cells in PBS containing 10 mM dimethyl-3,3Ј-dithiobispropionimidate 2-HCl (DTBP) (Pierce) (32) . Cells were washed, lysed, and prepared for IP as described (32) . For IP of endogenous Numb and Siah-1 complexes, Ϸ2.5 ϫ 10 8 Jurkat or U937 cells were incubated with the DTBP cross-linker as described above. Cell-derived lysates were incubated with anti-Numb followed by incubation with protein G-agarose beads (GIBCO͞BRL). Immune complexes were resolved on a 10% SDS͞PAGE gel and subsequently blotted with anti-Siah-1 antibody.
Degradation and Ubiquitination Studies. For Numb degradation and in vivo ubiquitination studies, cell extracts were prepared as detailed above. In some experiments, 50 M MG132 (Calbiochem) was added to transfected cells 6 h before lysis.
Immunofluorescence. U937 cells first were fixed in methanol͞ acetone (1:1), cytospun onto glass slides, rehydrated, and stained by indirect immunofluorescence for endogenous Notch1 expression. Propidium iodide (Sigma) was added (1:5,000) to stain the nucleus. Immunofluorescence analysis was performed with a Leica TCS SP1 confocal microscope. FACS analysis was done as described (11) .
Luciferase Assays. Parental MCF-7 cells or their derivatives containing stably expressed Siah-1 (33) were transiently transfected with the luciferase-RBP-J reporter plasmid pGa-981-6 (30), a ␤-galactosidase (␤-gal) expression construct for normalizing transfections and either pBK-RSV-Flag or pBK-RSV-FlagNumb. Forty-eight hours after transfection, luciferase activity was measured by using a Berthold (Nashua, NH) luminometer and transfection efficiencies were adjusted based on ␤-gal activity.
Results
In Vitro, in Vivo, and Endogenous Interaction Between Siah-1 and Numb. Yeast two-hybrid analysis revealed that human Numb associated with Siah-1. In growth and ␤-gal assays, a robust interaction between LexA-Siah-1 and B42-Numb was consistently observed by day 3. The interaction between these two proteins was highly specific because their respective negative control partners displayed negligible growth and ␤-gal activity (data not shown).
In vitro and in vivo interaction studies were performed to confirm the above results. In vitro analysis revealed that radiolabeled full-length Numb and Siah-1, derived by in vitro translation in a reticulocyte lysate, bound specifically to their respective partners, GST-Siah-1 and GST-Numb ( Fig. 1 a and b) . This binding was specific because it was not seen with the negative controls GST-NKTR and radiolabeled AIP1. To verify that the interaction also can occur in vivo, 293T cells were transiently cotransfected with plasmids expressing either negative control Flag-AIP1 or Flag-Numb in combination with Siah-1; to increase detection, we used a missense mutant Siah-1 protein (Siah-1m), possessing increased stability. Co-IP analysis revealed that FlagNumb but not Flag-AIP1 immunoprecipitated the 32-kDa Siah-1 protein (Fig. 1c) . Importantly, endogenous Numb immunoprecipitated from either U937 or Jurkat total cell lysates also was associated with Siah-1 (Fig. 1d) . Together, these data demonstrate that Siah-1 and Numb can engage in a specific interaction in vitro and in vivo.
Mapping Siah-1 and Numb Interaction Domains. Interactionmapping experiments (Fig. 2) revealed that GST-Numb binds to a minimal region of Siah-1 (⌬10), composed of amino acids 180-211 (Fig. 2a Center; see Fig. 2c for map). The negative control GST-NKTR did not associate with any of these Siah-1 polypeptides (data not shown). The region of ⌬10 overlaps with the binding sites of other known Siah-1 interactors, including DCC (8) and the recently described ␤-catenin-binding proteins (14, 15) . Interestingly, in the corresponding site, two allelic mutations have been identified in Drosophila Sina that affect R7 photoreceptor development (34) . Within the Numb protein, residues 91-400 (⌬B) were sufficient to bind Siah-1 (Fig. 2a Right; see Fig. 2d for map) . This region includes the C-terminal part of the PTB domain of Numb. PTB domains have been implicated in phosphorylation-dependent and phosphorylationindependent molecular interactions (35) . The PTB domain of Numb alone was not sufficient for Siah-1 interaction (data not shown).
Siah-1 Promotes the Degradation of Numb. Siah-1 contains a Ringfinger domain positioned between residues 41 and 75 (7, 36, 37) (Fig. 2c) . Many proteins containing such domains have been shown to possess E3-ubiquitin ligase activity (6), which enables them to catalyze the ubiquitination of appropriate protein substrates and target them for subsequent degradation by the proteasome machinery. We therefore reasoned that a functional consequence of a direct Siah-1 and Numb interaction might be Numb degradation. To test this hypothesis, Numb was overexpressed either alone (Fig. 3a, lane 2 ) or in combination with Siah-1 (lane 4) in 293T cells. Immunoblot analysis of cell lysates revealed a significant reduction of Numb steady-state levels in the presence of cotransfected Siah-1 (Fig. 3a) . Hence, Siah-1 can effectively down-regulate the expression of Numb. The p53-inducible oncoprotein, Mdm2, also binds Numb and promotes its degradation (24) (Fig. 3a, lane 5) . We therefore asked whether Siah-1 and Mdm2 could act cooperatively to promote Numb degradation. Fig. 3 a and b illustrates that this combination enhanced the degradation of Numb, suggesting that Siah-1 and Mdm2 indeed can cooperate in the down-regulation of Numb. Furthermore, in pulse-chase experiments, overexpressed Siah-1 promoted the degradation of Numb, corroborating the above results (data not shown). Numb degradation could be blocked by the proteasome inhibitor MG132 (Fig. 3b) , arguing strongly that Siah-1 quenches Numb expression by tagging it for ubiquitinmediated proteasomal degradation. To determine whether both the NH 2 -terminal Ring-finger and the Numb interaction domains were necessary to promote Numb degradation, Siah-1 deletion mutants ⌬1 and ⌬3, from the above mapping experiments, were tested as described above. Fig. 3c shows that neither ⌬1, which contains the Ring-finger domain and does not bind Numb, nor ⌬3, which interacts with Numb but lacks the Ringfinger portion, was able to degrade Numb.
The ability of Siah-1 to drive Numb ubiquitination was demonstrated further by an experiment in which 293T cells were transfected with Flag-Numb, HA-tagged polyubiquitin, and varying amounts of Siah-1. As seen in Fig. 3b , in the presence of MG132, increasing amounts of transfected Siah-1 gave rise to progressively enhanced ubiquitination of Numb.
p53-Induced Siah-1 Expression Promotes the Down-Regulation of Endogenous Numb Whereas Siah-1 Antisense Inhibits p53-Induced
Apoptosis and Numb Degradation. In LTR6 cells, carrying a temperature-sensitive p53 mutant, Siah-1 protein levels are elevated substantially upon shifting the cultures to 32°C (10, 38) . Our findings predict that p53-induced expression of Siah-1 in these cells should be accompanied by a diminution of endogenous Numb. As shown in Fig. 4a , this indeed was the case. Twenty-four hours after inducing wild-type p53 activity, a notable increase in Siah-1 protein levels (Fig. 4a Lower) was observed concomitant with a marked reduction of endogenous Numb (Fig. 4a Upper) .
To investigate further the impact of Siah-1 on Numb, LTR6 cells were stably transfected with an antisense Siah-1 vector (Fig.  4b) . This led to a reduction in the expression of endogenous Siah-1 protein at 37°C (Fig. 4b Middle) . Moreover, upon activation of wild-type p53 protein by a temperature shift to 32°C, the induction of Siah-1 was inhibited significantly in the antisense transfectants (Fig. 4b, lanes 3 and 4) . Importantly, Numb protein levels varied in an opposite way. That is, at 32°C, Numb expression levels appeared to be elevated as compared with LTR6 cells only. In parallel studies, the antisense-mediated down-regulation of Siah-1 caused a consistent reduction of Ϸ40% in the extent of p53-mediated apoptosis, as assessed by annexin-V staining of cells shifted to 32°C (Fig. 4c Left), and correlated with an inhibition of the PARP cleavage induced by p53 activation (Fig. 4c Right) .
U937 Stable Transfectants Overexpressing Siah-1 Have Decreased
Numb Protein Levels. The ability of Siah-1 to down-regulate Numb also was confirmed in U937-derived cell clones stably transfected with Siah-1. Endogenous Numb levels were substantially lower in cells overexpressing transfected Siah-1 but not in vector control transfectants (Fig. 4d) . In addition, we found significantly reduced levels of Numb in US4 cells (Fig. 4d, lane 4) . These cells, derived from U937 cells, have a suppressed malignant phenotype and express constitutively elevated levels of endogenous Siah-1 without transfection (10) . Collectively, these findings demonstrate that Siah-1 can down-regulate Numb and raise the possibility that Siah-1 may be able to modulate Numbassociated activities.
Overexpression of Siah-1 Facilitates the Redistribution of Endogenous Notch and Promotes Notch Intracellular Domain (NICD) Activity.
Numb physically interacts with and inhibits the signaling of Notch1 (20-23), a cell-surface receptor that promotes cell fate decisions by activating downstream transcription factors of the CSL family (39) . This is achieved by proteolytic cleavage within an intracellular site of Notch that results in the release and subsequent translocation of its cytosolic fragment (NICD) into the nucleus (40, 41) . We therefore investigated the consequences of Siah-1 overexpression on Notch subcellular localization. Confocal microscopy analysis of Notch1 immunofluorescence in control U937 cells revealed a rim-like staining pattern typical of cell-surface receptors (Fig. 5a, 1-3) . In striking contrast, Siah-1-overexpressing cells exhibited a redistribution of Notch1 immunofluorescence in the cytoplasm and in the nucleus (Fig. 5a,  4-7) . Confocal imaging within the Z plane of the nucleus confirmed Notch1 nuclear localization (Fig. 5a, 7) . To show that the observed pattern of Notch expression in Siah-1-overpressing U937 cells resembles that of an activation state, U937 vector control cells were analyzed for Notch translocation after EDTA treatment, which mimics the effects of ligand-induced nuclear translocation of Notch (42) . By 30 min after EDTA removal, Notch1 immunofluorescence was visualized in and around the nucleus (Fig. 5b, 8-10 ). Together, these observations suggest further that Siah-1 overexpression promotes Notch1 activation. This conclusion was validated directly by monitoring endogenous NICD activity in MCF-7 cells stably transfected with vector control or pBK-RSV-Siah-1. A luciferase reporter construct whose activation is proportional to NICD translocation to the nucleus was transfected into these cells. The presence of endogenous Notch1 was verified by Western blot analysis (data not shown). A consistent, Ͼ3-fold increase in endogenous NICD activity was observed in MCF-7 cells overexpressing Siah-1 (Fig.  5c ), and this increase was reduced by transient transfection of Numb.
Discussion
Our data indicate that through a direct physical interaction, Siah-1 targets Numb, a protein involved in directing cell fate choices, for ubiquitin-mediated degradation. As a consequence of this process, Siah-1 may participate in modulating Numbassociated functions, including Notch activity.
It has become increasingly clear that Siah-1 exerts some of its biological effects by targeting proteins for destruction by means of the ubiquitin-proteasome pathway. We have demonstrated previously (5, 10, 11) that Siah-1 is a p53-inducible gene product that participates in apoptosis and tumor suppression. In this context, Siah-1 recently has been shown to regulate ␤-catenin levels through the formation of an antigen-presenting celldependent complex of proteins comprising SIP, Skp1, and Ebi (14, 15) . Accumulation of ␤-catenin has been shown to promote cell proliferation and transformation and to inhibit apoptosis. Binding of Ebi to ␤-catenin results in its recruitment to the Siah-1-SIP-Skp1 complex for subsequent ubiquitination and degradation. Pw1͞Peg3 is another p53-inducible gene product that cooperates with Siah-1 in promoting cell death (12) , whereas Bag-1, an antiapoptotic protein, antagonizes the effects of Siah-1 on apoptosis (13) .
As an additional consequence of Siah-1 up-regulation by p53 induction, we observed a consistent down-modulation of Numb. This was most apparent in the temperature-sensitive LTR6 cells (38) , where wild-type p53-induced enhancement of Siah-1 correlated with diminished levels of endogenous Numb. In Siah-1 antisense experiments, where p53-induced apoptosis was impaired, diminution of Numb protein levels was prevented. We suggest that this effect of Siah-1 on Numb degradation most likely is direct because (i) an association between endogenous Siah-1 and Numb was demonstrated, (ii) in different cellular model systems, overexpression of Siah-1 was shown to promote decreased levels of Numb, and (iii) in vivo enhancement of Numb ubiquitination was observed after Siah-1 overexpression.
The Mdm2 oncoprotein is another Ring-finger p53-inducible gene product that has been shown to interact with Numb and decrease its steady-state level (24) . Our data confirm and extend these findings by demonstrating that Mdm2 down-regulates and likely ubiquitinylates Numb.
Numb previously has been studied in the context of its importance in neurogenesis. For example, in Drosophila, Numb (dNumb) is a central component in the control of lineage commitment during asymmetric cell division of SOP cells. This function is conserved evolutionarily, because the mammalian homolog of dNumb can substitute functionally in transgenic flies (43) . Genetic evidence suggests that the mechanism by which Numb influences cell fate decisions is, in part, through the regulation of Notch-signaling pathways. Numb interferes with Notch activation and the subsequent regulation of downstream transcription factors of the CSL family (20) (21) (22) (23) .
The observation that Siah-1 overexpression in various cellular model systems resulted in Numb degradation suggested that Siah-1 may provide a novel mechanism for the regulation of Notch activity. Thus, fluctuations in Numb expression levels would be predicted to drive alterations in Notch activity. Indeed, a relocalization of endogenous Notch to the cytoplasm and nucleus was detected in U937 cells stably transfected with Siah-1, which exhibited decreased levels of Numb protein (see Figs. 4d and 5a). Importantly, this redistribution was seen only with an antibody reactive with the COOH-terminal domain of Notch and not with antisera recognizing its NH 2 -terminal extracellular domain. Nontransfected U937 cells, by contrast, did not exhibit such a Notch-staining pattern. This observation was unanticipated because NICD immunoreactivity has been detected only in a few cell lines (44, 45) . However, treatment of these cells with EDTA, a recently described ''surrogate ligand'' for Notch, exhibited remarkable similarity in Notch immunostaining. These data raise the possibility that the observed intracellular accumulation of Notch may represent NICD. In further support of this conclusion, a Ͼ3-fold increase in NICD-dependent activity was detected for endogenous Notch in MCF7 cells stably expressing Siah-1. It is of note that a comparable enhancement of NICD transcriptional activity also was observed in cells exposed to Delta, the physiological ligand of Notch (42) . The ability of overexpressed Numb to overcome the effects of Siah-1 on NICD activity is consistent with its inhibitory role on Notch signaling.
Taken together, our findings demonstrate that Siah-1 can promote the degradation of Numb. Furthermore, they imply that Siah-1 may modulate signaling processes in which Numb plays either a positive or negative role. This novel regulatory mech- MCF-7 and MCF-7 stable transfectants that overexpress Siah-1 were transiently transfected with a NICD reporter construct (pGA981-6), and 48 h after transfections, NICD activity was assayed.
anism might account for some of the cell fate-determining activities of Siah-1͞Sina.
